Missouri University of Science and Technology

Scholars' Mine
International Conferences on Recent Advances 2010 - Fifth International Conference on Recent
in Geotechnical Earthquake Engineering and
Advances in Geotechnical Earthquake
Soil Dynamics
Engineering and Soil Dynamics
26 May 2010, 4:45 pm - 6:45 pm

Resonant Frequency of Model Footings Resting on Finite
Saturated Sand Stratum
H. N. Ramesh
Bangalore University, India

M. T. Prathap Kumar
GCE, India/ Bangalore University, India

Follow this and additional works at: https://scholarsmine.mst.edu/icrageesd
Part of the Geotechnical Engineering Commons

Recommended Citation
Ramesh, H. N. and Prathap Kumar, M. T., "Resonant Frequency of Model Footings Resting on Finite
Saturated Sand Stratum" (2010). International Conferences on Recent Advances in Geotechnical
Earthquake Engineering and Soil Dynamics. 22.
https://scholarsmine.mst.edu/icrageesd/05icrageesd/session01/22

This work is licensed under a Creative Commons Attribution-Noncommercial-No Derivative Works 4.0 License.
This Article - Conference proceedings is brought to you for free and open access by Scholars' Mine. It has been
accepted for inclusion in International Conferences on Recent Advances in Geotechnical Earthquake Engineering
and Soil Dynamics by an authorized administrator of Scholars' Mine. This work is protected by U. S. Copyright Law.
Unauthorized use including reproduction for redistribution requires the permission of the copyright holder. For more
information, please contact scholarsmine@mst.edu.

RESONANT FREQUENCY OF MODEL FOOTINGS RESTING ON FINITE
SATURATED SAND STRATUM
RAMESH, H.N.
Professor, Faculty of Engineering-CIVIL
UVCE, Bangalore University,
Jnabharathi, Bangalore, INDIA-560056

PRATHAP KUMAR, M.T.
Assistant Professor, Dept. of Civil Engineering,
GCE, Ramanagara, INDIA-571511
&
Research Scholar, UVCE, Bangalore University,
Jnabharathi, Bangalore, INDIA-560056

ABSTRACT
The resonant frequency of the foundation-soil system depends on several factors and nonhomogeniety of soil is one of the important
factors that include the effect of saturation. In the present investigation, the effect of saturation and location of rigid concrete base on
the resonant frequency of foundation-soil system was determined by conducting vertical vibration test on model footings resting on
the surface of finite dry sand stratum as well as on finite saturated sand stratum underlain by rigid concrete base. On the basis of the
experimental investigation, it was concluded that the presence of rigid base at shallow depth decreases the resonant frequency
marginally where as the displacement amplitude increases marginally that obtained on finite dry sand stratum, corresponding to ratio
H/B = 0.5. The displacement amplitude becomes significantly larger for the case of finite saturated sand stratum, when H/B increases
to 3.0.

INTRODUCTION

To design a foundation subjected to dynamic loads, one
should consider the resonance condition which results in
excessive displacement amplitude of the foundation that are
detrimental to the supporting structure, especially in the case
of machine foundations. Based on the assumption that the
foundation is a rigid body resting on the surface of an elastic
half-space (Whitman and Richart 1967; Richart et al. 1970;
Nagendra and Sridharan 1982; Gazetas 1983, 1991; to name a
few), it is well established that the dynamic response of
foundations depends on several factors. In most of these
studies, the soil medium below the foundation has been
assumed to be homogeneous elastic half-space. However, in
reality, soils are rarely homogeneous. In natural state, there
can exist a hard rock at shallow depth and the soil may consist
of different strata with different properties. The resonant
frequency and the corresponding displacement amplitude are
affected by the nonhomogeniety of soil, which includes the
effect of saturation. Kagawa and Kraft, (1981), Kondner,
(1965), Sridharan et al. (1990) have also studied the dynamic
response of foundations by considering heterogeneity of the
soil. Al-Hamound and Al-Maaitah (1996) conducted forced
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vertical vibration tests using a universal testing machine to
study the effect of mass, area, geometry, embedment and
saturation on the natural frequency and amplitude of model
footings. Baidya and Muralikrishna, (2001); Baidya and Rathi,
(2004) studied the influence of the presence of a rigid
boundary on the dynamic response of the foundations and
found that the resonant frequency of the foundation-soil
system decrease considerably with increase in thickness of the
soil layer above the rigid base.
The review of earlier literature indicated that there exist
differences between response of an ideal homogeneous halfspace and the in-situ earth which has several complexities of
heterogeneity. Also, the available data of experimental studies
on dynamic response of foundations resting on heterogeneous
soil and the effect of saturation are very scarce. In this paper,
an experimental investigation on the effect of size and mass of
the model footings on the dynamic response of foundation
resting on finite saturated sand stratum underlain by a rigid
base has been presented by comparing the results with that
obtained on finite dry sand stratum underlain by the same rigid
concrete base, in order to determine the extent of the influence
of rigidity of finite base and the effect of saturation on the
resonant frequency. Vertical vibration tests were conducted
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using model footings of different size and mass resting on the
surface of finite sand layer of different height to width ratios
(different thickness) underlain by rigid concrete base, both in
dry and saturated conditions.

MATERIALS AND METHODS
The sand used in the present investigation was locally
available river sand, whose properties was determined as per
Indian Standards and is as described in Table 1. The rigid
concrete base of 300mm thickness and of M20 grade was cast
and cured at the testing site which is used to simulate the
presence of a rock stratum occurring in nature, the location of
which is represented by different height to width ratio of the
finite sand stratum. Tests were also performed on the same
model footings under similar loading conditions but with
footings resting on the finite saturated sand stratum underlain
by the rigid concrete base. The results were compared for both
the cases.

Table: 2.Properties of Sand Used

Sl No.
1

2

3

4

Particulars
Specific Gravity

Grain Size
Analysis

Maximum Dry
Density (γd )max
kN/m3
Minimum Dry
Density (γd )min
kN/m3

2.64

Coarse Sand
(%)
Medium
Sand (%)
Fine Sand
Silt / Clay
Cu
Cc

0.03
60.8
37.8
1.3
2.6
1.4

18.3

14.6

A test tank of plan size having internal dimensions 1.6 m x 1.6
m and of height 1.2 m with vertical sides simulating a test pit,
was constructed at the testing site situated near the
Geotechnical Engineering Laboratory of the Bangalore
University Campus, using solid concrete blocks after
removing the top loose soil to a depth of 300mm in the natural
ground formation and compacting the soil at the site so as to
minimize the relative displacements below the rigid concrete
base. Based on the maximum size of the model footings used,
the size of the test tank was optimized in order to minimize the
boundary reflections. A small opening of about 500mm x
600mm was made on one side of the test tank to facilitate easy
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fixing of the flexible shaft connecting the oscillator (source of
vibration mounted on the model footing) with the D.C. motor.

For tests on saturated sand, a network of perforated PVC pipes
of 12mm diameter were made abutting the top of the rigid
base and connected to a water inlet, through which water was
allowed to flow in the upward direction, maintaining uniform
and laminar flow conditions. Saturation was achieved by
submerging the sand overnight for 12 Hours. Excess water at
the surface was removed using sponge and water level in the
tank was kept in flush with top surface of sand. Soil samples at
different locations (both from the surface of sand as well as
below the surface of sand) and at different time intervals
during the experimental program were removed, to determine
the water content by oven drying method. Finally, using the
phase relation eSr = wG, (where e is the voids ratio of
compacted sand, G is the specific gravity of sand used and w
is the water content of the sand at the time of testing) the
degree of saturation, Sr was calculated, corresponding to
various height to width ratios of the compacted sand. Results
of several such measurements showed that the degree of
saturation achieved was well above 96%.

Two series of reinforced model footings of square shape and
of different thickness using M20 grade cement concrete were
cast and cured. Table 2 shows the specification of the model
footings used in the present experimental investigation. All the
vertical vibration tests on the model footings were carried out
using a constant static weight of 3.0kN, provided by steel
plates fixed on top of the model footing, along with the
oscillator assembly. The mass of footings were so fabricated
that, each series of model footings along with the constant
mass of the oscillator and the static weight of 3.0kN generated
almost equal intensity of static contact pressure at its base
when placed over the finite sand stratum, so as to avoid any
consequential effects of variation in contact pressure during
vibration. Calculated weight of sand was poured into the test
tank in layers of thickness of 100 mm to maintain a uniform
condition throughout the test program. Each layer was
compacted to maintain uniform density of 17 kN/m3 so that
the desired relative density of 70% was achieved. For
compaction, a square steel plate of 400mm width and 10mm
thickness was placed on sand and was tampered by uniformly
distributed 16 blows of a 4.5 kg compaction rammer falling
through a height of 457.2 mm. This procedure was used to
achieve the required compaction. Several trials were made to
know the unit weight γd of the sand and the corresponding
relative density (Dr) achieved, before starting the test.
After filling sand in the test tank, the precast concrete model
footing was placed concentrically and the Lazan oscillator
assembly along with the static weight in the form of steel
plates were placed on top of the model footing so that the
whole setup acts as a single unit, with the center of gravity of
whole system and that of the footing to lie in the same vertical
line.
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SI:
200 x 200
SII:
300 x 300

Thickne
ss
(mm)

100
200
300
100
200
300

Total
mass
(kN)

Static
weight
(kN)

1.276
1.408
1.693
1.431
1.739
1.861

3.0

3.0

Avera
ge
Static
Press
ure
(kN/
m2)
106.9
110.0
110.8
49.23
52.66
54.66

A piezoelectric type vibration pickup was placed on top of the
footing to measure the displacement amplitude and was
connected to ‘Data Acquisition System (DAS)’ using a low
noise cable provided for the purpose. The oscillator was then
run slowly by the motor using the speed control unit after
setting the desired force rating in the oscillator. The model
footings were subjected to vertical mode of vibration at four
selected force ratings of 0.016 N-sec2, 0.024 N-sec2, 0.032 Nsec2 and 0.039 N-sec2 and the thickness of sand over the rigid
concrete base was varied to have height to width ratios (H/B)
of 0.5, 1.0, 2.0 and 3.0, where H is the height of sand stratum
over the finite base and B is the width of the model footing
under consideration. Using the DAS, the frequency in Hertz
and the corresponding amplitude of vibration were recorded at
regular intervals. Sufficient time gap between two successive
measurements was allowed to have a stable reading. Finally
the frequency versus amplitude curves was plotted for each of
the different tests. Four different force ratings were used in
order to simulate different intensities of dynamic excitation.
The frequency corresponding to the maximum displacement
amplitude was taken as the resonant frequency.

SI(A):200mmx200mmx100mm;
H/B=0.5
Force Rating(FR) in N-sec2
0.95

FR=0.016-Finite
Saturated Sand

0.85
Displacement
Amplitude (mm)

Size of the
Model
Footing
(mm x
mm)

saturated sand stratum is marginally lower than those obtained
for the case of dry sand stratum.

0.75

FR=0.024-Finite
Saturated Sand

0.65

FR=0.016-Finite
Dry Sand

0.55

FR=0.024-Finite
Drysand

0.45
6

8

10
12
14
Frequency (Hz)

FR=0.016-Finite
Saturated Sand
FR=0.024-Finite
Saturated Sand
FR=0.016-Finite
Dry Sand
FR=0.024-Finite
Dry Sand

0.8
0.6
0.4
0.2
0
1

3

Figure 1 and Fig.2 shows the typical frequency-amplitude
response curves obtained for model footings of series SI at
H/B=0.5 and 3.0. Nature of response curves are similar except
with regard to the magnitude of maximum displacement
amplitude and the corresponding resonant frequency, when
compared with that obtained for finite dry sand.

Figure 3 shows the typical variation resonant frequency with
H/B ratio for model footings of series SI (A), for both the
cases of finite dry sand stratum and finite saturated sand
stratum. The resonant frequency measured in the case of finite
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Frequency (Hz)

9
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Fig.2 Frequency Response Curve for Finite Saturated Sand
and Dry Sand of Series SI (A) at H/B=0.5

Resonant Frequency in Hertz

Effect of Location of Rigid Base

18

SI(A):200mmx200mmx100mm;
H/B=3.0
Force Rating(FR) in N-sec2

SI(A):200mmx200mmx100mm;
Comparative Variation
Force Rating(FR) in N-sec2

16

TEST RESULTS AND DISCUSSIONS

16

Fig.1 Frequency Response Curve for Finite Saturated Sand
and Dry Sand of Series SI (A) at H/B=0.5

Dis[placement
Amplitude (mm)

Table: 1. Specifications of the Model Footings Used

FR=0.016;Finite Saturated Sand

14
12

FR=0.024;Finite Saturated Sand

10
FR=0.016;Finite Dry Sand

8

FR=0.024;Finite Dry Sand

6
4
2
0
0

1

2

3

4

Height to w idth Ratio(H/B)

Fig. 3 Variation of Resonant Frequency with H/B Ratio of
Series SI (A)
Figure 4 shows the typical effect of location of the rigid base
on the maximum displacement amplitude of the model
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footings of series SI (A) with increasing H/B ratio. Unlike the
variation of resonant frequency, the difference in maximum
displacement amplitude significantly increases with increase
in H/B ratio and is maximum corresponding to H/B =3.0. This
indicates that the stiffness of saturated sand considerably
decreases with increase in H/B ratio.
SI(A):200mmx200mmx100mm;
Comparative Variation

Figure 6 shows the variation of maximum displacement
amplitude with increase in H/B ratio for entire series of model
footings, at constant force rating of 0.016 N-sec2. The
maximum displacement amplitude increases with increase in
the contact area of the footing for both the cases. The
maximum displacement amplitude obtained corresponding to
a constant area of the footing under finite saturated stratum is
considerably higher than that obtained for the case of finite
dry sand stratum.

Force Rating(FR) in N-sec2
FR=0.016;Finite Saturated Sand

0.9
0.8

Series SI & SII;

0.7

FR=0.024;Finite Dry Sand

0.5
0.4
0.3
0

1

2

3

4

Height to width Ratio(H/B)

Fig. 4 Variation of Maximum Displacement Amplitude with
H/B Ratio of Series SI (A)

SII(A):300mmx300mmx100m
m;Finte Saturated Sand

1

FR=0.016;Finite Dry Sand

0.6

SI(A):200mmx200mmx100mm
;Finite Saturated Sand

Force Rating=0.016N-sec2;
Comparative Variation

FR=0.024;Finite Saturated Sand

Maximum Displacement
Amplitude in mm

Maximum Displacement
Amplitude in mm

1

0.9

SI(A):200mmx200mmx100mm
;Finite Dry Sand

0.8
0.7

SII(A):300mmx300mmx100m
m;Finite Dry Sand

0.6

SI(B):200mmx200mmx200mm
;Finite Saturated Sand
SII(B):300mmx300mmx200m
m;Finite Saturated Sand

0.5
0.4

SI(B):200mmx200mmx100mm
;Finite Dry Sand

0.3
0

1

2

3

Height to width Ratio(H/B)

4

SII(B):300mmx300mmx200m
m;Finite Dry Sand

Effect of Size of the Footing
Figure 5 shows the comparative variation of resonant
frequency with H/B ratio for both the cases - at constant force
rating of 0.016 N-sec2. For a model footing of constant contact
area, the resonant frequency measured on finite saturated sand
stratum is lower than that recorded for dry sand stratum.
Increase in contact area increases the resonant frequency for
both the cases.

Series SI & SII;

Resonant Frequency in Hertz

Force Rating=0.016N-sec2;
Comparative Variation

20

SI(A):200mmx200mmx100m
m;Finite Saturated Sand

18

SII(A):300mmx300mmx100
mm;Finte Saturated Sand

16

Fig. 6 Variation of Maximum Displacement Amplitude with
H/B Ratio of Series SI and SII

Effect of Mass of the Footing
The variation of Reissner’s (1936) dimensionless factor called
‘mass ratio’ which takes into account the in-phase mass of
vibrating soil along with the foundation and defined by the Eq.
(1) has been used to analyze the effect of mass of the
foundation on resonant amplitude.

SI(A):200mmx200mmx100m
m;Finite Dry Sand

14

SII(A):300mmx300mmx100
mm;Finite Dry Sand

12
10

SI(B):200mmx200mmx200m
m;Finite Saturated Sand

8
6

SII(B):300mmx300mmx200
mm;Finite Saturated Sand

4

SI(B):200mmx200mmx100m
m;Finite Dry Sand

2

SII(B):300mmx300mmx200
mm;Finite Dry Sand

0
0

1

2

3

4

Height to width Ratio(H/B)

Fig. 5 Variation of Resonant Frequency with H/B Ratio of
Series SI and SII

Paper No. 1.38a

..(1)

where, m= total mass of the vibrating
system,
ρ = γ / g , called mass density of
soil,
ro = equivalent radius of the
footing
= (A/π)1/2
γ = unit weight of the soil, and
g = acceleration due to gravity in
m/sec2, and
A= contact area of the model
footing.
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Figure 7 shows a typical variation of resonant frequency with
mass ratio of the model footings, for model footing of series
SI corresponding to a constant force rating of 0.016 N-Sec2. It
can be seen that, with increase in the mass ratio, the resonant
frequency decreases marginally because of the fact that there
is no significant change in the mass ratio corresponding to
each series of the model footings. Further, corresponding to a
constant mass ratio of the model footing, there is no
significant reduction in resonant frequency when H/B ratio of
the finite saturated sand varies from 2.0 to 3.0.

2. The displacement amplitude becomes significantly larger
for the case of finite saturated sand stratum, when H/B
increases to 3.0.
Comparative Variation w ith H/B ratio;
Finite Saturated Sand
Force Rating(FR) in N-sec2
20
FR=0.016;b=145.27
Resonant Frequency in
Hertz

The mass ratio of the entire series of model footings resting on
finite saturated sand and finite dry sand has been calculated
using saturated density (γsat=20.4 kN/m3) and dry density
(γd=17 kN/m3) respectively.

FR=0.016;b=45.02

15

FR=0.024;b=145.27

10

FR=0.024;b=45.02

5

0
0
Series SI(A),SI(B) & SI(C):
200mm Square Footings;
Finite Saturated Sand
Force Rating(FR) in N-sec2

15

1
2
3
Height to w idth Ratio(H/B)

4

Fig. 7 Variation of Resonant Frequency with H/B ratio for
Model Footings of series SI and SII.

Resonant Frequency in
Hertz

H/B=0.5;FR=0.016
H/B=1.0;FR=0.016

10

H/B=2.0;FR=0.016
H/B=3.0;FR=0.016

5

0
140

145

150
Mass Ratio,b

155

160

Fig. 7 Variation of Resonant Frequency with Mass-Ratio for
Model Footings of Series SI Resting on Finite Saturated Sand

As seen from Figure 8, for a constant mass ratio of the model
footing, there is no significant reduction in resonant frequency
when H/B ratio of the finite saturated sand varies from 2.0 to
3.0. Lower the mass ratio, higher will be the resonant
frequency corresponding to a constant H/B ratio of sand. Also,
increase in force rating decreases the resonant frequency of a
model footing of a constant mass ratio at a given H/B ratio.

CONCLUSIONS
On the basis of present experimental investigations, the
following conclusions have been drawn:
1. For model footings resting on finite saturated sand stratum,
the displacement amplitude is marginally higher and
resonant frequency is marginally lower than that obtained
on finite dry sand stratum, corresponding to ratio H/B =
0.5.
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3. For a model footing of constant contact area, the resonant
frequency measured on finite saturated sand stratum
underlain by rigid concrete base is lower than that recorded
for dry sand stratum underlain by rigid concrete base.
Increase in contact area increases the resonant frequency
for both the cases.
4. The decrease in resonant frequency with increase in H/B
ratio can be attributed to decrease in stiffness of sand with
increase in H/B ratio.
5. The maximum displacement amplitudes decrease with
increase in H/B ratio and become asymptotic beyond H/B
ratio 2.0. this is due to the fact that, with increase in the
thickness of saturated sand layer over the rigid concrete
base, damping of the foundation-soil system increases
resulting in decrease in displacement amplitude.
6. The maximum displacement amplitude increases with
increase in the contact area of the footing, for a constant
H/B ratio and at a constant force rating.
7. Higher the contact area of the footing, higher is the
measured values of the resonant frequency and for a
constant area of the model footing; the larger the mass of
the footing, lower is the resonant frequency corresponding
to a given H/B ratio.
8. Finally, it can be concluded from the comparison of the
experimental results, with respect to influence of rigid
concrete base on the dynamic response of model footing
resting on finite saturated sand and finite dry sand, the
resonant frequency of finite saturated sand marginally
reduces and the maximum displacement amplitudes
becomes significantly higher than the ones obtained on
finite dry sand.
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